ATLAS is a large general-purpose experiment, which will be located at the Large Hadron Collider, LHC. The performance of electronic and optoelectronic components for a 1.28 Gb/s radiation tolerant optical read-out link for the ATLAS liquid argon calorimeter system has been studied. A demonstrator optical link based around the use of the commercial G-link serialiser chipset, Vertical Cavity Surface Emitting Laser Diodes (VCSELs) and multimode optical fibres, has been built and tested in neutron and gamma radiation environments. The components have been found to be radiation tolerant up to at least a neutron fluence of 1.7×10 13 n(1MeV(Si))/cm 2 and an ionising dose of 800 Gy(Si). However, Single-Event Upsets (SEU) in the G-link serialiser chip were observed during neutron irradiations. An estimate of the expected ATLAS SEU rate, based on the use of Burst Generation Rate curves for silicon has been performed and leads to an error rate prediction of 2±1errors every 100 hours of LHC running.
THE LHC AND ATLAS THE LHC
The LHC collider [1] is the next big accelerator project at CERN, the European Laboratory for Particle Physics. It will start to operate in 2005. When installed in the 26.7 km long tunnel at CERN, where the LEP accelerator now resides, the LHC will be capable of accelerating two beams of protons to a nominal energy of 7 TeV per beam, which gives a total energy of 14 TeV in centre of mass. There will be ~2800 particle bunches, containing ~10 11 protons each. The time interval between each bunch crossing is 24.95 ns which corresponds to a bunch crossing frequency of 40.08 MHz. The luminosity is of the order 10 34 cm -2 s -1 , a value that will be achieved after an initial 3 year period of running at the lower luminosity 10 33 cm -2 s -1 .
At the higher luminosity, there will be on average 23 inelastic p-p interactions per bunch crossing. This means that, every 25 ns, about 2000 particles radiate from the interaction point into the surrounding detector (~10 12 particles per second). With an average number of 30 charged particle tracks per interaction this results in approximately 750 charged tracks in the detectors every bunch crossing. This enormous production rate and particle multiplicity puts very high demands on the detectors and their read out electronics when it comes to speed and radiation hardness.
ATLAS
There are four interaction points at the LHC. This paper focuses on an experiment surrounding one of them, the ATLAS detector [3] . Perhaps the most important aim for ATLAS is the search for the Higgs-boson. Other activities are searches for supersymmetric particles, compositeness of the "fundamental" fermions, investigation of CP violation in b-decays and detailed studies of the top quark.
Extreme demands are put on the ATLAS detector by the very high energy and luminosity at which LHC will operate and by the need for highly granular sub-detectors due to the enormous particle multiplicity. ATLAS will have to be able to process a vast amount of information, over a large dynamic range, at the LHC bunch-crossing rate of 40 MHz. Furthermore, all detectors will suffer from both ionising and neutron irradiation. As an extreme example, the innermost detector components must be able to withstand ionising radiation doses up to 500 kGy and a neutron fluence of 10 15 cm -2 over a period of 10 years [4] . The detector structure chosen by the ATLAS collaboration to meet these requirements is the following:
• A tracking system (Inner Detector) surrounded by a superconducting solenoid, to provide momenta measurements, charge and particle identification.
• Two calorimeter layers; one electromagnetic (EM) and one hadronic, to help reconstructing jets and perform precise measurements of particle/jet energies.
• A muon system for muon momenta measurements that consists of a toroidal magnet system and muon detectors.
ATLAS LIQUID ARGON (LAR) CALORIMETER SYSTEM
As shown in Figure 1 , this system includes a barrel region, composed of an EM calorimeter, an end-cap region with three different detectors; one electromagnetic one hadronic and one forward. 
LAR ELECTRONICS
All LAr calorimeters deliver on their electrodes a triangular-shaped current pulse with a fast rise time of a few ns. The pulse decreases to zero at the end of the drift time of the ionization electrons in the liquid argon. This takes about 450 ns. The amplitude of the current varies from one sub-detector to another. This signal is delivered on the detector impedance, which, to a very good approximation, is a pure capacitance from as low as 20 pF to as high as 3 nF.
The raw calorimeter signal is processed by the so-called front-end system, which is the part of the electronics system that provides for preamlification, shaping, digitising. The whole system is mounted on a single, 10-layer double-sided, printed circuit board, called front-end board (FEB). The FEBs are grouped into crates mounted on the flanges of the liquid argon calorimeter. The front-end system has to read out all the sub-detectors (EM calorimeters+presamplers, hadronic end-cap and forward calorimeters) with ~190 000 channels in total.
THE OPTICAL LINK
Barrel End-cap Hadronic Forward End-cap EM Last in the line of components in the front-end system, is the optical link, which the work described in this paper centres on. The link will transfer the data from the FEBs to the so-called read out drivers that are located ~100 m away from the detector.
LINK REQUIREMENTS
The LAr calorimeter links must satisfy strict requirements on the amount of data that must be transferred, the relatively high radiation levels prevailing at the location of the front-end electronic crates and the limited access to the same.
The link transmitter is located on the LAr FEBs. Although the space between cooling plates mounted on either side of the FEB is restrictive, optoelectronic components packaged in a standard commercial form can be used along with conventional fibre optic connectors. The links are unidirectional as control data is sent to the electronics crate over dedicated links (outside the scope of this work) and then distributed to the various electronic cards. The links must be able to transfer data over a distance up to 200 m, at nominal rate of 1.28 Gb/s (32 bits @ 40 MHz). However, coding protocols require additional control bits and the overall requirement for the transfer rate could be as high as 1.6 Gb/s. The magnetic environment in which the links must operate is on average 0.4 T. As the length of the link is short, the product of data rate and distance is moderate. A solution based on commercial components is therefore feasible. However, the transmitting side of such link must be tested and proven to withstand the radiation doses in question. The final LAr link architecture has not yet been decided upon but a demonstrator link with the following structure has been developed:
THE DEMONSTRATOR LINK
The serialiser and deserialiser comes from Agilent Technologies ® and is commonly referred to as the G-link [10] . The transmission and reception sides are connected together with 50/125 GRaded INdex (GRIN) multimode optical fibre through industry standard SC-type connectors. The laser emitter is a Vertical Cavity Surface Emitting Laser (VCSEL) and the optical receiver is a PIN-diode. These two are used as the trasmitting and receiving part of a dual port transceiver module. A Programmable Logic Array (ALTERA ® EMP7128) is placed on the receiver board to interface error status information from the deserialiser to the data acquisition system. The demonstrator link has been tested successfully in the laboratory and no errors were seen during several months of operation. Each of the component parts of the link are described in more detail in the following section. Figure 2 shows a schematic of the demonstrator link.
KEY COMPONENTS

VCSELs
When choosing the optical source for the link, interesting features are cost, speed and radiation tolerance. Light emitting diodes (LEDs) are very cheap, but they are also relatively slow. The only alternative to LEDs is laser diodes. The least expensive lasers are edge-emitting sources, which would result in a large pulse spreading due to material dispersion and are not packaged for use with optical fibres. Conventional edge-emitting telecommunications lasers operating at 1300 and 1550 nm are presently rather expensive. VCSELs on the other hand, are commercialized as a light source for short haul highspeed multimode fibre applications [9] . The VCSEL laser diode is a strong candidate for use at the emitting end of the LAr data link. VCSELs have a number of desirable properties such as:
• Low cost of manufacture as the devices can be tested on the wafer prior to dicing.
• Circularly symmetric optical output which makes it easy to couple efficiently to multimode fibres.
• The surface emitting structure and small mode size enables production of highly uniform and densely packed lasers, with minimal crosstalk, for use in parallel optical links.
• High output power for a modest bias current (1 mW at 10 mA bias, typically).
• Low threshold currents (typically, a few mA).
• The VCSEL has a small active volume. This provides a smaller damage cross section in a radiation environment [8] .
Optical Fibres
Modal distortion occurs in a multi-mode optical fibre. To minimize pulse spreading a single mode fibre should therefore be chosen. However, to maintain a single mode, the core of the fibre is small (about 9µm). As a result, the optical coupling efficiency is small and connections and splices must have excellent alignment. Multimode fibres, because of their large core diameter (50 to 100 µm), have a very high optical coupling efficiency and connections in multimode fibre are less sensitive to misalignment.
A decrease in modal distortion can be achieved by grading the index profiles of multi-mode fibres. The idea of a GRIN fibre is to make the optical paths travelled by the various modes, equal. For applications where the fibre length is up to a few hundred meters, data rates in excess of a Gb/s can easily be achieved.
For the ATLAS LAr optical-link, it is proposed to use a multimode GRIN fibre with a core diameter of 50 µm.
Transceivers
Transceivers are dual port modules, which can transmit data via one port and receive data through the other. The transmitter part consists of a driver circuit coupled to a VCSEL. The optical receivers in most commercial VCSEL transceivers consists of PIN photodiodes with associated circuitry (discriminator and a preamplifier). Both the transmitter and receiver can be coupled to an optical fibre with an industry standard SC connector. Transceivers are unlikely to be a part of the final link solution. They are however used in the demonstrator link as a cheap and simple solution.
The G-link Serialiser
Since 32 bit words are to be sent over a single fibre the data has to be serialised. The only commercial serialiser available at the time this work started, that could send meet the requirement of 1.6 Gb/s transfer rate, is called G-link and is manufactured by Agilent Technologies ® . It consists of one transmitter chip (HDMP-1022) and a receiver chip (HDMP-1024). From the user viewpoint it can be thought of as a "virtual ribbon cable" for transmission of parallel data. Data in the form of 16 bit words 1 loaded into the transmitter (Tx) chip is delivered to the receiver (Rx) chip over a serial channel, which can be either a coaxial copper cable or optical link, and is reconstructed into its original parallel form.
To fulfil our requirements of speed the G-link has to run in "double frame mode". When used in this mode, an internal clock signal with double the frequency is generated by the G-link Tx and the data can be clocked in twice as fast, giving the desired total link throughput of 1.6 Gb/s.
The G-Link can perform basic error checking by monitoring the control field for illegal conditions. An "ERROR flag" indicates an illegal control field in the transmitted frame. A "LINKREADY flag" occurs when the G-link receiver cannot identify a frame to lock onto. Note that the assertion of the ERROR flag does not implicate that there is something wrong in the data field.
The chipset is manufactured in a monolithic silicon bipolar "sea of gates" technology with 25 GHz transistors. The transmitter has PECL compatible serial outputs, which allows it to drive transceivers directly. The inputs are standard TTL. The power dissipation is 1.9 and 2.5 W for the Tx and Rx chip respectively. The transmitter and receiver chips are packaged in aluminium M-Quad 80 package to promote heat dissipation.
RADIATION ENVIRONMENT IN ATLAS
The major source of radiation at the LHC is particle production at the interaction point. The enormous rate of the p-p collisions (~10 9 protons/s) causes direct radiation damage to detectors, electronics and optoelectronics. An additional effect is activation of detector parts, which leads to radiation backgrounds in the detector.
For the Inner Detector, the primary radiation consists of the particles created in the p-p collision and their decay products, which predominantly includes the lowest mass hadron states; protons, pions and kaons. Most of these will be absorbed in the calorimeters. When high-energy hadrons hit the calorimeter a hadronic shower is formed due to nuclear interaction with the calorimeter absorber material. The content of this shower is protons, neutrons and short-lived particles which eventually will decay to protons and neutrons. The protons will loose their energy to ionisation, but the neutrons will either be captured by a nucleus or loose their energy in non-destructive collisions with the absorber atoms and become thermalised. Associated with these nuclear interaction processes is the production of gamma-photons.
The particle production discussed above contributes to the radiation damage the detectors and their associated electronics. Activation of the same also occurs due to both spallation products from energetic hadrons and neutron capture. Detailed estimates of the ATLAS radiation environment can be found in [4] and references therein. The following estimation of the ATLAS radiation environment is based on simulations carried out by others [4] with the DTUJET [11] code for generating p-p minimum-bias 2 interactions, and with the FLUKA [12] code for transporting and showering the secondary particles created by DTUJET. Simulations have also been carried out using DTUJET together with GCALOR [13] (a program package that can simulate neutron interactions down to thermal energies). Whenever consistent geometrical and material descriptions have been used, the results of the two codes agree with each other to within 30% or better [4] .
The simulated neutron spectrum at the position of the LAr front-end electronics, resulting from these simulations, is shown in Figure 3 . This spectrum is extremely peaked towards lower energies (95% of the neutrons have energies below 1MeV). This is a result of the thermalisation the neutrons undergo in the calorimeters.
The table below shows the ionisation doses, dose rates, fluxes and fluences after 10 years of LHC operation for the EM calorimeter. To account for simulation uncertainties a safety factor of 3 has been applied to get this value 
RADIATION TEST FACILITIES SARA (Neutrons)
The SARA cyclotron system is located at ISN in Grenoble. Neutrons were produced by impinging a 20 MeV deuteron beam on a 3 mm thick beryllium target 3.5 cm in diameter. A stripping reaction ( 9 Be(d,n) 10 B) takes place which gives a continuous neutron energy spectrum covering energies up to 25 MeV with a mean energy of 6 MeV The neutron flux is proportional to the incident beam current with a neutron yield of ~5×10 7 n/(nA⋅s⋅sr). Thus, at 10cm from the target, a beam current of 2 µA gives a flux of the order 10 9 n cm -2 s -1
.
CERI (Neutrons)
CERI lies in Orlean south of Paris. It is a centre for medical radiation physics. The neutron production mechanism and dosimetry is the same as at SARA but the energy of the incident deuteron beam is tuneable in the range 5-25 MeV. As at SARA, a fixed incident beam energy gives a neutron flux that is proportional to the incident beam current. The neutron yield (and therefor the flux) depends on the deuterium energy. In contrast to the SARA facility there is no cryostat in front of the target, which resulted more gamma-background. The neutron energy spectra for a few typical deuteron energies are illustrated in Figure 4 .
Karolinska (Gamma)
Karolinska is a hospital in Stockholm. The gamma irradiation facility is normally used as a gamma treatment facility. The source consists of 60 Co which upon decay emits two gamma rays at energies 1.17 and 1.33 MeV. The integrated ionising dose, received by the components, was measured with alanine dosimeters with an accuracy of around 4%. 
PERMANENT DAMAGE TESTS VCSELS
Nine VCSELs from Honeywell ® [16] and nine from Mitel ®3 [17] were exposed to neutron and gamma radiation, and measurements were performed to determine if the light output power and/or the threshold current of the VCSELs changed during irradiation.
The TO-46 packages from Honeywell were equipped with a glass lens to allow for efficient optical coupling into the fibre whilst the Mitel packages had a flat glass window in place of a lens which consequently led to less efficient coupling to the fibre. The TO-46 packages were mounted inside metal ST connectors to provide easy connection to the fibres. Figure 5a shows the relative attenuation of the light output from a typical Honeywell VCSEL as a function of time. This plot is typical for each Honeywell VCSEL and consistent behaviour is seen for all the Mitel VCSELs. As the plot illustrates, there is an immediate attenuation of 5-10% at the start of the irradiation, which is followed by a slight increase in attenuation during the course of the irradiation. At the end of the irradiation a 90 hours long annealing process returns the light output to better than 95% of the pre-irradiation level. The light output attenuation observed for the Honeywell VCSEL is consistent with that seen in earlier neutron irradiation studies of a prototype version of this device tested at cryogenic temperatures [8] . Figure 5b shows the corresponding results from the gamma irradiation of a typical Mitel VCSEL. The Honeywell VCSELs showed a similar behaviour. The attenuation characteristics is noticeably different compared to the neutron results. The light output attenuation is here proportional to the accumulated dose. The dotted line indicates the dose expected after 10 years of LHC running. The scatter of the points for the Mitel VCSEL appears smaller than for the Honeywell VCSEL due to the resolution of the ADC and the received power for the Mitel VCSELs being approximately 10 times smaller than that for the Honeywell VCSEL due the absence of a coupling lens. After the irradiation there was no evidence for any significant annealing in any of the VCSELs.
Results
Neutrons
Gamma
Light output attenuation of VCSEL emitters due to gamma irradiation is not supported by theory. The appearance of attenuation in this particular test is somewhat unclear, but the absence of annealing suggests that the measured effect is due to degradation of other parts of the system. As mentioned, the fibre attenuation is thought to be negligible, but nothing is known about the ionising-radiation effects on the glass window in the T0-46 package. Nevertheless, the attenuation after the equivalent 10-year dose was <5% for all VCSELs.
The threshold current for either type of VCSEL did not move significantly during either type of irradiation. Furthermore, the induced attenuation and annealing behaviour for either brand of VCSEL showed no bias current dependence.
FIBRES
Two standard "off the shelf" optical fibres supplied by Acome ® [18] and Plasma Optical Fibres ® (POF) [19] were tested with neutron radiation. The Acome fibre was subsequently also tested with gamma. Both fibres had a GRIN doping profile. The POF fibre has a germanium doping in the core. It is therefore thought to show improved radiation tolerance compared to the Acome fibre, which apart from germanium had an additional phosphorus doping. In both fibres a pure silica cladding extends up to a diameter of 125 µm. The fibre is then coated with acrylate to give it an overall diameter of 250 µm.
Results
Neutrons
The induced attenuation in the fibres is presented in Figure 6a along with the result of a test performed by others on the POF fibre at a reactor facility in Ljubljana [2] . Since manual test methods were used to measure the induced attenuation for the POF fibre, there are significant errors due to variations in coupling efficiencies as fibre connectors are manipulated during the course of the test. The POF fibre is clearly more radiation tolerant than the Acome-supplied fibre. At the neutron fluence expected for the calorimeter links, the induced attenuation for the POF fibre is approximately 0.07 dB/m. Extrapolating the Acome result to such fluences yields an induced attenuation in excess of 0.3 dB/m.
Gamma
The induced attenuation in the Acome-supplied fibres is shown in Figure 6b , along with the result of four radiation tests of the POF fibres, performed by others [2] . It is immediately apparent from this figure that the Acome-supplied fibre is not applicable for use in ATLAS. Even for the modest radiation levels expected at the calorimeter, the induced attenuation exceeds 1 dB/m. b) The induced loss in the POF and Acome-supplied fibres as a function of ionising dose. The POF measurements come from four independent tests done by others [ 2] .
Figure 5: a) Relative attenuation of the light output from a typical Honeywell VCSEL as a function of the time during a neutron irradiation. Note the annealing behaviour after the irradiation is completed. b) Relative attenuation of the light output from a typical Mitel VCSEL as a function of the time during a gamma irradiation. Note the absence of annealing after the irradiation is completed. The dotted line denotes a 10 year LHC equivalent dose. The two atypical points seen in the annealing phase are spurious.
SEU TESTS OF THE G-LINK
RESULTS
Error Types
During neutron the irradiations, two types of errors were detected, single bit flips and longer errors where the G-link synchronisation was lost (indicated by the LINKREADY flag).
Short Errors (bit flips)
This type of error was first seen at SARA where the G-link error flag was asserted for 12.5 ns, corresponding to one clock cycle of the 80 MHz clock used by G-link when running in double-frame mode. As discussed previously, the error flag indicates that a received frame does not correspond to either a valid data, control or fill frame encoding. Therefore, this type of erratic behaviour is interpreted as if a neutron has caused a transient error with the result that a corruption of this encoding has occurred.
When a check for the integrity of a fixed FFFF data field was implemented in the CERI test, short bit flips where one of the bits (sometimes more) in the FFFF pattern suddenly dropped to zero for 12.5 ns were also observed. The same error flag corruption as seen at SARA was also seen. However, the data errors were dominant and the ratio between the two was about 20/3.
Long Errors
The link was also observed to lose its synchronisation for periods as long as ~1 ms. During this link-down time the data was totally corrupted. This is interpreted as a neutron is effecting some part of the circuit that controls the G-link synchronisation mechanism. These errors always caused he assertion of the LINKREADY-flag. The time extension of these "link down errors", and the ratio between the number of errors of this type and the other error types, has been seen to show substantial variation from test to test. This is believed to be an effect of different matching between the clock signals used by transmitter and receiver G-link.
Measured Error Rates
The test at SARA where the deuterium beam current was varied, but the energy was held fixed, showed a linear relation between the error rate and the beam current (and consequently the neutron flux). In Figure 7 the measured error rate at a fixed neutron flux is shown as a function of deuteron beam energy, measured at CERI. The figure shows that the error rate becomes larger as the beam energy is increased.
BGR Analysis
The concept of BGR was developed to calculate the rate of SEU induced by protons and neutrons in silicon via the energy deposition from the resulting nuclear reaction products [14] . The calculation makes use of silicon cross-section data and involves energy transport Monte Carlo simulations. It is defined by,
Where σ burst is the total cross-section for producing nuclear recoils that will give rise to electromagnetic bursts powerful enough to cause a SEU. The SEU rate is then given by,
Where φ is the total neutron flux and εV is a device specific factor to compensate for the fact that not all of the chip volume is sensitive to bursts and for the collection efficiency at the sensitive node.
The neutron spectra produced by the 7, 14, 20 and 25 MeV deuteron beams hitting the beryllium target are plotted in Figure  3 . It is expected that the error rate increases when the neutron spectrum is shifted towards higher energies. The predicted SEU rate for a specific neutron spectrum for the ATLAS spectrum and any one of the five spectra from the SEU tests is given by: A convenient way to do this in "one step" is to eliminate the device specific factor εV from the two equations above, thus:
The left hand side of this equation 5, Y(E d ), is simply the measured error rate, at a specific deuterium energy and, normalised to the total neutron flux in ATLAS. The first factor on the right hand side is the sought ATLAS error rate, and the second factor, X(E d ,E c ), is the ratio between the BGR convolution integrals for the ATLAS spectrum and the spectra from the various deuterium energies. This factor depends on the value of E c . It is therefore hypothesised is that is proportional to BGR(E c ). This is tested by a linear χ 2 -fit between X(E d ,E c ) and Y(E d ). There are five different measurements of for five different neutron spectra, therefore the number of degrees of freedom in the fit is 3 (there are 2 free parameters, R ATLAS and E c ).
When including all three types of errors, a minimal χ 2 value was obtained for E c =0.64MeV corresponding to a R ATLAS value of 0.007 h -1 . The uncertainty in E c is then estimated by taking the values that are given one sigma below and above the minimum χ 2 . Table shows a summary of these results. In Figure 7 , the left hand side and the right hand side of Equation 5 has been plotted for E c =0.64 MeV. Hence, the total ATLAS error rate is estimated to be 0.007±0.002 h -1 . This result does not include any uncertainties in the knowledge of the actual neutron flux for each deuterium energy. If a 15% uncertainty (due to the uncertainty in the Ni foil analysis) is taken account for the result becomes 0.007±0.003 h -1 with a minimum χ 2 of 2.9 (3 d.o.f.).
Since the result is directly proportional to the simulated ATLAS flux. The quality of the simulations are of course crucial to the result. The model discussed above has however shown to be rather insensitive to the shape of the ATLAS spectrum as long as the fraction of neutrons with energies above the threshold for generating SEUs (~5 MeV) doesn't change significantly. If for some reason new simulations indicate that this is no longer true the ATLAS error rate will have to be re estimated. With a safety factor of 3, which has been proposed, the error rate could be as large as 0.02±0.01h -1 . That means between 1and 3 errors every 100 hour. 
CONCLUSIONS TOTAL DOSE STUDIES OF SINGLE COMPONENTS VCSELs
The light output of VCSELs are attenuated by neutron irradiation due to atomic displacements in the GaAs. The measured attenuation was 5-10% for the fluence equivalent of 10 years of LHC running. The devices were biased above lasing threshold during irradiation. After the end of the irradiation measurements continued for 90 hours. Annealing behaviour was seen where the VCSELs light output was returned to ~95% of their initial value.
Gamma irradiation up to a dose equivalent of 10 years of LHC running, had a negligible effect on the glass window or lens in the VCSEL TO-46 package. At the end of the irradiation period (equivalent of ~65 years of LHC running) an attenuation of ~15% was seen for all VCSELs. No annealing recovery occurred afterwards.
The attenuation in the light output of the VCSELs is small and will not present a problem for the optical power budgets envisaged for the read-out links of the ATLAS liquid argon calorimeter.
Fibres
Two different fibres, one from Acome and one from Plasma Optical Fibres (POF), were irradiated. The Acome fibre was irradiated with both neutrons and gamma radiation and showed an attenuation of 0.3 dB/m and ~1 dB/m respectively for a neutron fluence and ionising dose equivalent of 10 years of LHC running 4 . After the neutron test the fibre were seen to anneal and the light power throughput returned to ~85% of its initial value. The POF fibre was only irradiated with neutrons and was found to attenuate by 0.07 dB/m after a 10 year equivalent fluence.
The induced attenuation of ~1 dB/m shown by the Acome fibre during gamma irradiation, would have a serious impact on the optical power budget of the links. Therefore this fibre is not sufficiently radiation tolerant for use in ATLAS. This is thought to be due to the phosphorous doping in the fibre core. The POF fibre on the other hand is suitable for use at the position of the LAr links.
Transceivers
A transceiver from Methode was found to withstand a neutron fluence equivalent of 10 years LHC running. 4 The neutron result was extrapolated from the fluence 3×10 12 n(1MeV(Si)/cm 2 ), delivered at the test.
As only one port of the transceiver is used at either end of the link, this solution may prove to be too costly for ATLAS. The identification of a radiation tolerant VCSEL driver is a priority to allow migration away from transceivers.
G-link Serialiser
The G-link was found to function correctly after being irradiated with 3 kGy(Si) ionising radiation and 5× 10 13 n(1MeV(Si))/cm 2 , and could from this point of view be considered as the serialiser of choice for the LAr optical links. However Single Event Upsets (SEUs) were seen !
SEU STUDIES OF THE G-LINK
The G-link transmitter chip was seen to exhibit SEUs. Two types of errors were seen i) single 12.5 ns bit flips in the transferred data and of the G-link error flag and ii) longer errors where the link synchronisation was lost for typically a period of hundreds of µs. A method based on the use of BGR curves was used to determine the error rate in ATLAS like radiation conditions was developed during the course of this work. With a safety factor of 3, the total ATLAS error rate is estimated to be 2±1 errors per 100 h.
In a scenario where a whole ATLAS event would have to be rejected every time a single link gives an error of any kind, and accounting for 1620 LAr links, the event rejection rate becomes ~50 h -1 . This is very small compared to the 270 000 events accepted by the LVL1 trigger every hour. However, in order to re-synchronise the ROD after a "link down" error a reset will need to be issued. The exact implementation of this is not yet defined but could take a significant amount of time which means that the effective event loss will be to large.
